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I. Statement of problem studied

The general goal of this research was the generation, manipulation and characterization of
coherent and non-classical matter waves, including atom lasers. The research involved both a
theoretical and an experimental component.

Major achievements from the Meystre group include the theory of a binary-collision atom laser,
new proposals in nonlinear atom optics, in particular the optical control of matter waves, matter-
wave superradiance and coherent matter-wave amplification. These are applications of the
nonlinear mixing between optical and matter waves, which have recently seen their first
experimental verifications by groups at MIT, NIST and the University of Tokyo. This work has
also lead to a new proposal for atom holography. In addition, we have also developed a
theoretical formulation of the coherence theory of matter waves and of the cross-coherence
between optical and matter waves.

Major results from the Jessen group include an in-depth study of practical avenues for single-
atom quantum state engineering, and development of a novel proposal for entanglement
engineering and quantum logic in optical lattices. Our most noteworthy experimental
achievements include the development of efficient methods to load and trap atoms in far-of-
resonant optical lattices, and the first demonstration of Raman sideband cooling of neutral Cs
atoms to the ground state of an optical lattice. Most recently we have completed an experiment
on coherent quantum tunneling and macroscopic quantum coherence in optical double-well
potentials, and have initiated a new experiment to reconstruct the complete internal state of
ultracold atomic wavepackets.

II. Summary of most important results
Meystre group.

The last few years have been extraordinary ones for AMO physics. Atomic manipulation has
reached an exquisite degree of sophistication, both at the single-particle level and in many
particle ensembles such as Bose-Einstein condensates and quantum degenerate Fermi systems.
As a result, many of the dreams of five to ten years ago are rapidly becoming reality. One such
dream was that of an atom laser, which has now been realized in several laboratories [1]. But just
as exciting perhaps are the experimental verification of atomic four-wave mixing [2], the mixing
of optical and matter waves, resulting in matter-wave superradiance[3] and the demonstration of
a phase-coherent matter-wave amplifier [4], and the generation of atomic solitons in condensates

[5].

These developments have been especially gratifying for us. We had predicted as early as 1993
the possibility of nonlinear atom optics [6], and its experimental verification was quite a thrill. In
several papers carried out in the framework of the present proposal, we also investigated
theoretically the nonlinear coupling between optical and matter waves, first in the so-called
Collective Atomic Recoil Laser (CARL) where a cavity was used to select one or a few modes of
the electromagnetic field [7]. One of our predictions was that it would be possible to optically
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influence and control the quantum statistical properties of a matter-wave field, and to coherently
amplify such a field. When Ketterle’s group at MIT informed us of their matter-wave
superradiance results, it became immediately clear that all of our theory could readily be adapted
to this situation, and most of its conclusions extended to the new geometry with very little
change. In addition, we have been able to rapidly extend this work to predict the shot-to-shot
fluctuations in the output of the system, and attribute their origin to quantum fluctuations, both in
the electromagnetic and matter-wave fields [8]. In recent work, the MIT group has also
confirmed our prediction that optical and matter-wave amplification go hand in hand, and are
two facets of the same physics [9].

These various developments, while validating our work in a much more spectacular way than we
would have expected, also positioned us perfectly to rapidly move into new directions as they
opened up. The validation of our quantum optical approach to the physics of quantum degenerate
systems, and the experimental verification of the fact that at ultracold temperatures, collisions act
indeed as a coherent nonlinear medium for the atoms, open up a number of new avenues that we
are now aggressively exploring. Particularly attractive possibilities include the optical control of
the state of the Schrédinger field, as well as the generation of a quantum entanglement between
them. This would be of interest for many applications, since it is notoriously much easier to store
atoms than light, but light is a much more convenient way to transport information. In this
context, we believe that our recent extension of coherence theory to handle the joint coherence
properties of optical and matter-wave fields [10] will prove beneficial.

Jessen group

The general theme of our research has been the development of methods for quantum coherent
control of laser trapped atoms [11]. We have focussed our efforts on atoms trapped deep in the
Lamb-Dicke regime in far-off-resonance optical lattices. In some respects this system is quite
similar to atomic ions in ion traps, and it is possible to borrow techniques (sideband cooling,
rotation of the state vector between pairs of spin/vibrational states) from the ion trap community
[12]. We have pioneered a new method by which the required Raman couplings can be designed
directly into an optical potential, thus greatly reducing the complexity of such experiments.

As a starting point for sideband cooling and quantum control experiments, it is desirable to
prepare atoms as close as possible to the ground vibrational state of a single magnetic sublevel.
In two experiments we have shown how laser cooling and state preparation in a 1D optical lattice
can be enhanced with magnetic fields [13], and how atoms can be adiabatically loaded into a far-
off-resonance lattice with negligible increase in vibrational excitation [14].

The principal goal of our research has been the demonstration of a technique for resolved-
sideband cooling of Cs atoms in a far-off-resonance lattice. We have developed a simple and
elegant cooling scheme, in which Raman coupling between magnetic sublevels is built into the
optical lattice potential [11], and a small external magnetic field used to tune the requisite
vibrational states into degeneracy. In the first experimental demonstration of resolved-sideband
Raman cooling [15] we trapped 10° atoms in the potential wells of a 2D optical lattice, and
cooled them to a mean vibrational excitation of 0.008 per degree of freedom. This corresponds to
a population of the two-dimensional vibrational ground state close to 98%. Adiabatic cooling
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produced free atom kinetic temperatures as low as 120 nK, well below the single photon recoil
limit. Subsequent work by Vuletic and Chu [16] and by Weiss [17] have implemented our basic
scheme in 3D lattices with very high density Cesium samples, and succeeded in cooling to phase
space densities approaching BEC. Ultimately, it seems likely that our technique will become an
essential element of Cesium BEC and atom lasers.

The second major goal of our research has been to demonstrate and study coherent quantum
tunneling between optical potential wells. We have focussed in particular on optical double-well
potentials in a 1D lin-@lin far-off-resonance optical lattice [11]. Preparing the atoms initially on
one side of the double-well, we have observed clear Rabi oscillations between mesoscopically
distinct left- and right-localized wavepackets, separated by ~150 nm [18]. This type of quantum
coherent evolution has long served as a paradigm for non-classical dynamics, and in our atom
optics implementation it can be studied with minimal decoherence, controlled dissipation and the
whole toolbox characteristic of quantum optics: pure state preparation, controlled unitary
evolution and quantum state measurement. In future experiments we hope to observe quantum
coherent evolution over many Rabi periods, and to reintroduce engineered dissipation and
continuous measurement in order to study the fundamental process of decoherence and the
quantum/classical transition. The latter is particularly intriguing, since the classical dynamics is
chaotic [19] and our system allows to study the effect of decoherence on the emergent nonlinear
behavior [20].

The ability to accurately measure an unknown quantum state is a necessary complement to
quantum state control. Because the internal and external degrees of freedom of an atomic
wavepacket become entangled in many types of neutral atom traps, it is often possible to use the
atomic internal state as a “meter” to observe the center-of-mass dynamics. Towards the end of
the grant period we have worked to implement a scheme to reconstruct the entire ground state
density matrix of an atom through repeated Stern-Gerlach measurements [21]. At the time of
writing this report we have carried out a first proof-of-principle experiment. We expect the
ability to directly measure atomic coherences to be of great value for studies of decoherence, and
for the evaluation of neutral atom quantum logic gates.

One of the most exciting developments during the grant period has emerged from a collaboration
with Profs. Deutsch and Caves at the University of New Mexico. For a number of years we have
been searching for means to control the joint quantum state of coupled atom pairs. Starting from
Meystre’s work on dipole-dipole coupling in optical lattices [**], we have shown that it is
possible to obtain substantially coherent atom-atom coupling based on dipole-dipole interactions
between strongly localized wavepackets. We have further developed a scheme to use atoms
trapped in optical lattices as qubits and to perform pairwise entangling quantum logic operations
between them [23,24]. This raises prospects for small-scale quantum information processing
[25], and for spectroscopy and atom interferometry with sensitivity below the standard quantum
limit [12,26]. The latter is particularly intriguing, since the optical lattice lends itself naturally to
massive parallelism (in the classical sense) and might allow efficient entanglement of very large
number of particles. We are still working out the details of the basic quantum logic protocol,
including a full description of the molecular physics at the heart of the atom-atom interaction, but
our results so far indicates that a quantum phase gate can be implemented with a fidelity of order
0.95 with currently existing optical lattice technology [*"]. This is sufficient to entangle a non-
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trivial number of atoms, and we are hopeful that further developments can improve the fidelity
substantially.
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